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Abstract 

We study the mechanism of heat generation, induced by an alternating magnetic field, in magnetite 

nanoparticles doped with manganese, produced by thermal decomposition from organometallic 

precursors. We investigate a set of four samples obtained by varying the duration of the reflux 

treatment carried out at the temperature of 300 °C during the synthetic procedure. On increasing this 

parameter from 60 to 180 minutes, the mean size of the nanoparticles increases, though remaining 

below 10 nm, as well as the saturation magnetization, which in all the samples, thanks to the Mn 

doping, is higher than in magnetite nanoparticles taken as a reference. The combination of these two 

events has two main consequences. First, it determines the intensity of the dipolar interactions 

between the nanoparticles, thus influencing their magnetic relaxing behavior, which, in turn, is closely 

related to the heating efficiency. Secondly, in a heating test, it is possible to operate in the regime of 

non-linear magnetic response of the nanoparticles at values of amplitude and frequency of the 

alternating field usually employed for biomedical applications. We show that, in this regime, the 

Specific Absorption Rate (SAR) in each sample depends linearly on the fraction of nanoparticles that 

are not superparamagnetic. This opens to the possibility of modulating the heating capacity of the 

produced nanoparticles, so as to match specific needs, changing only a single synthesis parameter 

and opportunely exploiting the strict connection between structural features, magnetic properties and 

measurement conditions. 
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Introduction 

The use of magnetic nanoparticles (NPs) for nanomedicine applications is a fast-growing research 

field due to their potential as diagnostic and therapeutic agents. 1, 2, 3, 4 One of the most investigated 

phenomena is magnetic hyperthermia, which refers to the production of heat obtained by subjecting 

the NPs to an alternating magnetic field. 5, 6, 7, 8, 9 The effect can be exploited in the cancer treatment, 

to raise the temperature at the tumor site above the systemic one, or to induce a controlled drug release 

through the thermal stimulus.10, 11, 12, 13, 14, 15   

The heat generated by the NPs during one cycle of the magnetic field corresponds to the area of the 

resulting hysteresis loop.16 Therefore, fundamental magnetic parameters are the anisotropy and the 

saturation magnetization MS, which directly determine the hysteretic behavior.17 A key ingredient is 

the volume V of the NPs, which influences their magnetization pattern and the magnetization reversal 

mode.18, 19 Moreover, the loop area depends on the frequency (fm) and amplitude (Hmax) of the applied 

field and on the temperature (T).20 All these parameters are involved and strictly intertwined in the 

relaxation of the NPs magnetization. The relaxing behavior affects the hysteresis phenomenon to the 

point of causing its complete disappearance when the thermal energy becomes comparable to the 

anisotropy energy barrier for magnetization reversal (superparamagnetism). 21, 22   

 

This article deals with magnetite NPs, doped with manganese for the preliminary purpose of 

improving MS. NPs suitable for biological applications must be biocompatible and currently only 

spinel iron oxides (magnetite and maghemite) satisfy this requirement to an acceptable extent. 

However, the magnetization of iron oxide NPs is often reported to be lower than that of the bulk 

phase, due to the canting of the spins located at the surface and/or in the core, caused by a reduced 

coordination and broken superexchange bonds.23, 24, 25, 26, 27 This is detrimental to the heating 

efficiency. To get around this problem, preserving the biocompatibility, Mn-doped magnetite NPs 

appear particularly promising since the substitution of Fe2+ ions with Mn2+ ions in the Fe3O4 structure 

may lead to the enhancement of MS.  Giri et al. prepared Fe1−xMnxFe2O4 NPs (mean size ~ 10-12 nm) 

by a co-precipitation method and studied the heating efficiency by calorimetric measurement in a 

field with fm  = 300 kHz and Hmax = 10 – 45 kA/m. They found out that the Specific Absorption Rate 

parameter (SAR) and MS showed a similar dependence on the Mn concentration, reaching maximum 

values for x = 0.4 (MS ~ 85 emu/g and SAR~ 30 W/g ferrite). 28 J. Jang et al. prepared 15nm-sized 

(ZnxMn1_x)Fe2O4 NPs by a one-pot thermal decomposition method; for x = 0.4, they reported MS = 

175 emu/g(Zn+Mn+Fe) and SAR = 432 W/g(Zn+Mn+Fe) (fm and Hmax were 500 kHz and 3.7 kA/m, 

respectively).29  The same group also prepared MnFe2O4 NPs with mean size 15 nm and MS = 125 

emu/g(magnetic atoms) and measured a SAR = 411 W/g(magnetic atoms) at fm = 500 kHz and Hmax 
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= 37.3 kA/m.8 R. Otero-Lorenzo et al. prepared Mn-doped iron oxide NPs of 8-9 nm in size, by a 

solvothermal method, having room-temperature MS = 66 emu/g and SAR ~ 73 W/g per mass of 

Fe+Mn (fm and Hmax of 183 kHz and 17 kA/m, respectively). 30  Casula et al. studied Mn-doped iron 

oxide NPs arranged into flower-like structures of ~ 50 nm in size, prepared by a chemical 

decomposition method. For fm = 300 kHz and Hmax varying between 12 and 24 kA/m, SAR values 

ranging between 200 and 400 W/g(Fe+Mn) were measured, in spite of the reported oddly low MS ~ 

40 emu/g. 31  On the contrary, a remarkably high MS = 89.5 emu/g was measured by L. Yang et al. in 

Mn-doped NPs (mean size ~ 18 nm), studied with the aim of developing high-performance magnetic 

resonance contrast agents.32  Indeed, great care should be taken when comparing MS and SAR (or 

SLP, specific loss power) values. In fact, different conventions can be adopted regarding the 

normalization to the mass of the sample, since some researchers are used to consider the mass of the 

magnetic ferrite phase (possibly corrected for the presence of non-magnetic components, such as 

surfactants), 5, 28, 33, 34  whereas others researchers are used to normalize to the weight of the metallic 

atoms. 30, 31  Moreover, in order to be comparable, SAR values estimated using a calorimetric method 

should refer to measurements carried out not only at the same fm and Hmax, but also in similar 

thermodynamic conditions and the NPs should be dispersed at a similar concentration and in the same 

solvent.  At present, the wide variety of custom instruments and the lack of standardized protocols 

for hyperthermia measurements makes the comparison between SAR measurements very difficult 

and often impossible. 34, 35  

 

We report about selected samples of NPs obtained by varying the duration (60 180 minutes) of the 

reflux treatment at 300 °C, carried out during a thermal decomposition synthetic procedure, based on 

the method developed by S. Sun et al..36  The mean size of the NPs increases with increasing the 

holding time at 300 °C - though remaining below 10 nm – as well as MS, thus fulfilling our 

preliminary goal. The combination of these two events produces a chain of concatenated effects. In 

fact, it results in enhanced dipolar magnetic interactions between the NPs. In turn, the presence of 

dipolar interactions gives rise to an effective magnetic anisotropy, which rules the magnetic relaxation 

time. The dipolar interactions also affect the Brownian rotation motion that the NPs undergo when 

dispersed in a fluid. 20  

To elucidate these connections, in the first part of this article the evolution of the structural and 

magnetic properties of the NPs (in form of powder and of ferrofluid, in n-octane) is investigated in 

depth. Then, the study of the magnetic heating mechanism of the NPs, in form of ferrofluid, is 

addressed. Apart from a few exceptions, 6, 16, 37, 38 most studies on the heating properties of magnetic 

NPs refer to the linear response theory (LRT), which assumes that the magnetization of the NPs 
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depends linearly on the magnetic field.20 According to LRT, the hysteresis loop area is null when the 

NPs are in the full superparamagnetic and blocked regimes and reaches a maximum at the transition. 

Actually, the LRT model can be used providing that the parameter  = MSVHmax/kBT < 1 (kB, 

Boltzmann constant).16, 39 In our samples, for values of fm and Hmax of the same order of those 

generally used in clinical applications,40  > 1. In this condition, the heating efficiency changes 

substantially from sample to sample and we show that the SAR parameter depends linearly on the 

fraction of NPs that are not in the superparamagnetic regime. The size distribution of the NPs and MS  

– both tuned through a single synthesis parameter, i.e. the reflux time at 300 °C – determine, through 

a sort of domino effect mediated by dipolar interactions, the heating efficiency of the NPs, which is 

remarkably high in those obtained for a reflux time of 180 minutes. This opens new perspectives for 

controlling on demand the magnetic heating phenomenon, according to specific needs.   

 

 

2. Experimental 

2.1 Synthesis of the nanoparticles 

The samples of Mn-doped magnetite NPs are prepared by thermal decomposition from 

organometallic precursors.36  To this end, 2.12 g of iron(III) acetylacetonate ([Fe(acac)3]), 0.76 g of 

manganese(II) acetylacetonate ([Mn(acac)2]), 5.98 g of oleylamine, 5.72 g of oleic acid, and 6.91 g 

of 1,2-tetradecanediol are dissolved in 60 mL of diphenyl ether. Hence, the Mn/Fe atomic ratio in the 

reaction mixture is 0.5. The obtained solution is heated at 200°C for 2 hours and then refluxed at 

300°C for a time varying between 1 and 3 hours, under inert atmosphere (N2). The temperature of 

300°C is chosen to ensure the thermal decomposition of both the metal acetylacetonate complexes 

(around 180°C for [Fe(acac)3] and 250°C for [Mn(acac)2]). 

After cooling to room temperature, the NPs are precipitated by treating the dark suspension with a 

twofold volume of ethanol, separated magnetically, washed twice with ethanol, dried under vacuum, 

and stored as a black powder. The oleate-coated NPs can be easily dispersed in apolar solvents (e.g. 

alkanes).  

All the reagents and solvents have been purchased from Sigma-Aldrich and used without further 

purification. 

Here, we report about a set of four samples of NPs, labelled  SA, SB, SC and SD, differing for the 

duration of the treatment at 300 °C: 60, 100, 150 and 180 minutes, respectively (we call this parameter 

‘t300’). For each type of analysis, we will specify whether the NPs are in form of powder or of 

ferrofluid, namely dispersed in n-octane at a concentration of 10 mg/mL. It is worth remarking that 

the magnetic measurements on the ferrofluids are carried out at a temperature lower than the melting 
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temperature of octane (216 K). Also in this case, we will often use the word ‘ferrofluid’ to refer to 

the NPs in octane and to distinguish them from those in powder form, with no regard to the fact that 

the octane is in the frozen state, actually. 

 

2.2 Characterization techniques  

The size distribution and inner structure of the NPs is investigated by transmission electron 

microscopy techniques (TEM) by using a Philips CM200 microscope operating at 200 kV and 

equipped with a LaB6 filament. For TEM observations, a small quantity of NPs is dispersed in n-

hexane and subjected to ultrasonic agitation for approximately one minute. A drop of the suspension 

is deposited on a commercial TEM grid covered with a thin carbon film; finally, the grid is kept in 

air until complete evaporation of the n-hexane. 

The amount of Fe and Mn in the NPs is assessed by using inductively coupled plasma mass 

spectrometry (ICP-MS; element-2; Thermo-Finnigan, Rodano (MI), Italy). Sample digestion is 

performed by dissolving 2 mg of each powder in concentrated HNO3 (70%, 1 mL) under microwave 

heating (Milestone MicroSYNTH Microwave Labstation).  

Dynamic light scattering (DLS) measurements are carried out on the Mn-doped magnetite NPs using 

a Malvern Zetasizer 3000HS (Malvern, U.K.); the samples are analyzed at 25 °C in n-octane after 

being subjected to ultrasonication. 

Thermogravimetric (TGA) measurements are conducted on the NPs in form of powder in nitrogen 

purge gas from 50 °C to 600 °C (heating rate = 10 °C/min). The instrument is also equipped to perform 

TGA measurements in a magnetic field gradient, allowing the detection of magnetic transitions.  

X-ray diffraction (XRD), Energy dispersive X-ray spectrometry (EDS) and Fourier transform infrared 

spectroscopy (FT-IR) analyses are also carried out and the related experimental methods are described 

in the Electronic Supplementary Information Section.  

The magnetic properties are studied using a Quantum Design superconducting quantum interference 

device (SQUID) magnetometer. The instrument measures the magnetic moment of samples, both in 

solid or in liquid form, as a function of magnetic field (maximum applied field 50 kOe) and of 

temperature T (5-300 K temperature range).   

The heating properties of the Mn-doped magnetite NPs in an alternating magnetic field are tested 

using a custom-made apparatus equipped with a 7-turns inductor, 8 cm internal diameter, 15 cm long, 

supplied by an EASYHEAT L1 5060 10.0 kW (Ambrell) generator, as described elsewhere; 41 the 

temperature is measured by means of a fiber optic thermometer, Optocom Fotemp-1H thermometer 

with a TS3/2 fiber optic.   
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3. Results and discussion  

3.1 Structural properties and formation of the nanoparticles 

A TEM analysis is conducted on the four samples of NPs. In Fig. 1 bright field TEM images, also in 

high-resolution mode (HRTEM), are shown for samples SA, SB and SD, which are representative of 

different steps of the process of formation of the NPs.  

The SA NPs appear widely size-distributed and disorderly arranged on the carbon film of the TEM 

grid (Fig. 1a). HRTEM observations reveal that many of the SA NPs are not single crystals, but 

consist of two or more small grains (Fig. 1d), which can account for the observed variety of irregular 

shapes. With increasing t300, the NPs become progressively more uniform in size and shape and this 

favors the observed tendency to self-order on the carbon film (Fig. 1b,c). This last behavior is also 

consistent with the presence of a more homogeneous layer of oleate around the NPs, which impedes 

the intimate contact between them. In Fig. 1c, relative to SD, the distance between the NPs, in the 

regions where they are more regularly arranged, is ~ 3 nm, which is less than the two times the length 

of the oleic acid molecule (~ 2.5 nm).42 This indicates that the oleate chains on one NP interact with 

those on the neighboring ones, as observed also by other researchers in magnetite NPs produced by 

thermal decomposition.43   

 

Selected area electron diffraction (SAED) measurements are performed on the samples in similar 

experimental conditions. Typical SAED patterns for SA, SB and SD are shown in the insets of Fig.1a-

c, respectively. They are composed of continuous rings, consistent with the random orientation of the 

NPs. The number and intensity of the rings are similar for the samples SA and SD, indicating a good 

level of crystallinity of the NPs. The same cannot be said for the SB NPs whose diffraction pattern 

shows less intense rings and diffuse intensity among them, which suggests a lower degree of 

crystallinity. This last statement is confirmed by HRTEM observations, as displayed in Fig. 1e: the 

atomic planes are clearly visible inside the core of the NP whereas amorphous material is present at 

the surface (arrowed). The same feature is not observed in the SA and SD NPs since the atomic planes 

are well visible in all their extension (Fig. 1d,f).    

The distribution in size (D) of the NPs is obtained through the analysis of bright field TEM images. 

A population of about 300 NPs for each sample, including SC, is investigated. We consider that the 

physical size of the NPs coincides with their magnetic size since the oleate coating produces a weak 

TEM contrast and it is substantially not visible by TEM. The results are shown in Fig. 2, together 

with the corresponding values of mean size Dave (also reported in Table 1) and standard deviation 

On increasing t300, Dave increases and the distribution shrinks.   
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The HRTEM results allow one to draw the following picture on the evolution of the NPs structure 

during the synthesis reaction. Initially small crystallites form, which tend to coalesce, as observed in 

SA. Going on with the reaction, a mechanism similar to the Ostwald ripening intervenes, namely the 

smaller NPs dissolve and the material deposits onto the larger ones. The shift to the right of the size 

distributions and the increase in Dave with increasing t300 support this description (Fig. 2). This 

mechanism leads to the formation of the layer of disordered amorphous-like material around the 

crystalline cores of the SB NPs. Then, the crystallinity of the NPs improves passing from SB to SD 

and the SD NPs are mostly single crystals.   

 

3.2 Compositional properties 

The diffraction rings in the SAED patterns shown in Fig.1 correspond to the following interplanar 

distances: (0.298  0.003) nm, (0.252  0.003) nm, (0.210  0.002) nm, (0.172  0.002) nm, (0.161 

 0.002) nm, (0.148  0.001) nm and (0.128  0.001) nm. These values are in good agreement with 

diffraction data reported for magnetite (‘International Centre for Diffraction Data’—ICDD card n. 

19-0629). Moreover, HRTEM images of the NPs are analyzed by using the Gatan Microscopy Suite 

GMS3 software 44, which allows the fast Fourier transform (FFT) of the image. The subsequent 

analysis, in terms of geometry and interplanar distances, of the obtained FFT pattern confirms that all 

the NPs have a ferrite cubic spinel structure. No other phase is detected by SAED measurements and 

HRTEM observations. These analyses cannot provide evidence of Mn doping in the NPs because 

Fe3O4 and MnFe2O4 are isostructural phases and the differences in the values of the interplanar 

distances are smaller than the experimental error. The XRD analysis carried out on all the samples 

confirms these conclusions. As an example, the spectrum for sample SD is shown in the Electronic 

Supplementary Information Section (Fig. S1): the broad reflection peaks correspond to the spinel 

structure of magnetite.  

However, the presence of Mn in the NPs is assessed by ICP-MS elemental analysis. The ratio between 

the atomic content of Mn and Fe is  (0.18  0.03) in SA, (0.16  0.04) in SB, (0.20  0.03) in SC and 

(0.19  0.03) in SD, namely is the same in all the samples within the errors. The EDS analysis, 

described in the Electronic Supplementary Information Section, provides Mn/Fe = (0.22  0.06) for 

SD (Fig. S2) and equal values, within the errors, for the other samples. For all samples, the ICP-MS 

and EDS results are consistent, but the latter ones are affected by a larger experimental error. Hence, 

despite the final NPs do not retain the Mn/Fe ratio of the initial metal precursors - which may be 

ascribed to the different decomposition temperatures of the two metal acetylacetonate complexes 30, 

45 -  the average composition of the NPs does not vary with increasing the reflux time, in the chosen 

reaction conditions.       
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The FT-IR investigation provides spectra similar for all the NPs, confirming the presence of the oleate 

that surrounds the NPs (bands at 1410 cm-1 for C-Hrock., 1543 cm-1 for C=Cstretch., 2850-2920 cm-1 for 

C-Hstretch. and 3370 cm-1 for the residual O-Hstretch) and of the iron oxide phase (bands at 392 and 573 

cm-1). No other signal is visible. As an example, the spectrum for sample SA is reported in the 

Electronic Supplementary Information Section (Fig. S3). 

TGA measurements are carried out on the NPs in form of powder in order to measure the mass loss 

caused by the decomposition of the oleate, which occurs between 300°C and 500 °C (Fig. S4 in the 

Electronic Supplementary Information). The weight fraction of oleate in the samples, estimated in 

this way, is reported in Table 1. The fraction of oleate around the NPs tends to reduce with increasing 

Dave, reasonably due to the corresponding decrease of the surface/volume ratio of the NPs.46, 47    

TGA measurements are also carried out in a magnetic field gradient. In Fig. 3a we compare the curves 

measured with and without gradient on a reference sample, called SRef, consisting of NPs of Fe3O4. 

These NPs of pure magnetite are produced by thermal decomposition, namely through the same 

synthesis method described in Section 2.1. Obviously, only the [Fe(acac)3] precursor is used in this 

case. This difference strongly affects the reaction kinetics and we have observed that, compared to 

the Mn-doped NPs, different morphological and structural properties are attained as a function of 

t300, even keeping all the other synthesis parameters unchanged. Hence, as a benchmark for the TGA 

analysis and for the analysis of MS, reported later, we have selected, among different types of NPs of 

magnetite that we have prepared, that with the highest MS. The mean size of this NPs, estimated by 

TEM, is Dave ~ 9 nm (Table 1). The curve measured with the magnetic gradient features an upward 

step, not present in the curve measured without gradient, which corresponds to the ferrimagnetic-

paramagnetic transition. The Néel temperature TN = (5831) °C is very close to the nominal value of 

bulk magnetite (585 °C). The TGA curves with magnetic gradient for the Mn-doped magnetite NPs 

are shown in Fig. 3b. Due to the Mn doping, TN is well below that measured in SRef (~ 60-70 °C 

lower) and it decreases with increasing t300. No particular feature is visible in correspondence to TN 

of Fe3O4 or of MnFe2O4 (300 °C), which is in favor of a uniform Mn doping of the NPs. We also 

observe that the magnetic transition is less sharp in SB and SC compared to the other two samples. 

This is consistent with a lower crystallinity degree, as also confirmed by the HRTEM analysis.    

 

3.3 Saturation magnetization 

Magnetic hysteresis loops are measured on the dried Mn-doped magnetite NPs at different 

temperatures T in the 5-300 K range. The loops at T = 5 K are shown in Fig. 4a. In particular, the 

specific magnetization () is reported, obtained by dividing the magnetic moment, measured by 

SQUID, for the mass of the magnetic NPs (hence, it is expressed in emu/g).  The latter quantity is 
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calculated by subtracting from the whole sample mass that of the oleate estimated by TGA (Table 1).  

The values of the saturation magnetization MS are extrapolated from the loops for 1/H tending to 

zero; the values  at T = 5 and 300 K are reported in Table 1. In Fig. 4b the curves of MS vs. T are 

shown for all the samples, including SRef.  

 

Magnetite shows an inverse spinel structure in which the trivalent ions Fe3+ (bearing a magnetic 

moment of 5 B) are equally distributed in the tetrahedral (A) and octahedral (B) sites and the divalent 

ions Fe2+ (bearing a magnetic moment of 4 B) are placed in the B sites, according to the notation 

[Fe3+]A[Fe2+ Fe3+]BO4. A net magnetic moment arises from the Fe2+ ions since the contributions from 

the Fe3+ ions annihilate reciprocally, being the superexchange interaction between A and B sites 

antiferromagnetic in nature. Hence, the predicted magnetic moment per unit cell is 4 B and at T = 0 

K MS = 98 emu/g. 17  

The MnFe2O4 phase adopts a mixed spinel structure in which both the Fe3+ ions and the Mn2+ 

(isoelectronic with Fe3+ and, hence, with a magnetic moment of 5 B) are distributed between the A 

and B sites according to the notation [Mn2+
1-x Fe3+

x]A[Mn2+
x Fe3+

2-x]BO4, being x the so-called 

inversion parameter. In the bulk phase, x  ~ 0.2, whereas values even larger than 0.5 have been found 

in NPs. 48, 49  Irrespective of x, the magnetic moment per unit cell of MnFe2O4 is 5 B and, at T = 0 

K, MS = 112 emu/g. 17 

In Mn-doped magnetite, the substitution of Fe3+ ions with Mn2+ ions does not alter the net moment of 

the Fe3O4 unit. However, if the Mn2+ ions replace the Fe2+ ions, the low-temperature saturation 

magnetization of the material is expected to increase. This accounts for our results.  In fact, in SRef, 

at T = 5 K  MS ~ 73 emu/g, a value lower than MS of bulk magnetite, as usually observed in NPs due 

to size effects such as spin canting. 26 A higher MS is measured in all the samples of Mn-doped 

magnetite NPs. In particular, in the SA NPs, despite the mean size Dave is well below that of SRef 

(Table 1), MS ~ 80 emu/g. MS increases further in SB and SC and in the SD NPs, whose Dave is similar 

to that of SRef, the remarkably high value of MS ~ 94 emu/g is measured. We think that this 

magnetization improvement on increasing t300 is not only ascribable to the increase in Dave, which 

attenuates the spin canting effect, but also to the increase in the fraction of Mn2+ ions replacing Fe2+ 

ions in the B sites. In fact, the enhancement of MS is accompanied by the TN reduction, as shown in 

Fig. 4c. According to Yang et al.,49 the value of TN in Mn-ferrite NPs is uniquely governed by the 

inversion parameter, so that higher is the fraction of Mn2+ ions in the B sites and the lower is TN, in 

line with our result.    
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MS exhibits a stronger thermal dependence in the Mn-doped magnetite NPs than in sample SRef (Fig. 

4b).  It must be considered that the room-temperature MS values for bulk Fe3O4 and MnFe2O4 are 92 

emu/g and 80 emu/g respectively.17 With reference to the values at T = 0 K, Ms undergoes a smaller 

percentage reduction in magnetite than in Mn-ferrite. Hence, the trend of MS vs. T is strongly 

influenced by the Mn doping, as one can easily predict also considering that TN of the Mn-doped 

magnetite NPs is much lower than that of SRef (Fig. 3). However, in all the samples of Mn-doped 

magnetite NPs, MS at T = 300 K is larger than in SRef, up to ~ 19%  in the case of SD.  This is an 

important effect of the Mn doping. It is worth noticing that if we had produced MnFe2O4 NPs, 

probably we would have reached even higher values of Ms at T = 5 K compared to SRef, but not at 

T = 300 K. Indeed, there is no advantage in employing NPs of MnFe2O4 instead of Fe3O4 for room 

temperature applications, for which a high MS is required. 

 

Fig. 4d shows the curves of the coercivity HC as a function of temperature. At T = 5 K, HC is around 

150-160 Oe in SA and SB and slightly higher in SC and SD (~ 190-200 Oe).  A strong decrease of 

HC between 5 K and 100 K is observed in all the samples. At T = 100 K, both HC and the remanent 

magnetization Mr are annihilated in all samples except SD where magnetic hysteresis is measured 

even at T = 300 K.  Magnetic loops are also measured on the samples in form of ferrofluids in the 5-

50 K temperature range (Figs. S5 and S6 in the Electronic Supplementary Information). The thermal 

dependence of HC and Mr is stronger than in the powders and no magnetic hysteresis is observed for 

T > 50 K.  

 

3.4  Magnetic relaxation and effect of the magnetic interactions 

The strong thermal dependence of HC and Mr is consistent with a magnetic relaxing behavior of the 

assembly of NPs, possibly culminating in the superparamagnetic behavior when the thermal energy 

is comparable to the anisotropy energy barrier for the reversal of the magnetic moment of each NP.   

The Néel expression for the relaxation time of the magnetic moment is:  


 = 1/f0 exp(KV/kBT)     (1) 
 

where KV is the magnetic anisotropy energy barrier (K anisotropy coefficient, V volume of the NP), 

kB the Boltzmann constant and f0 the frequency factor.21  The relation (1) assumes that the NP is a 

single domain in which the atomic spins rotate coherently. This is the so-called macrospin 

approximation that can be applied to the investigated NPs by virtue of their small size, which  

practically never exceeds 20 nm (Fig. 2).19 Calling tm the measuring time characteristic of the used 

investigating technique, the NP is in the superparamagnetic regime for  < tm (or for fm< 1, being 
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fm = 1/tm) and in the blocked ferromagnetic regime for  > tm (fm> 1). The transition between the 

two regimes occurs at  = tm, i.e.  fm =1.    

Accordingly, the temperature TB (blocking temperature) above which an isolated ferromagnetic NP 

is superparamagnetic is expressed by the well-known relation:  
 

TB = KV/ kBln(tmf0)     (2) 
 

A value of  ln(tmf0) ~ 25 is usually considered for SQUID measurements, which assumes tm= 100 s 

(fm = 0.01 Hz) and f0 = 109 s-1.22  

In a NPs system, the possible existence of magnetic interactions leads to an increase of the anisotropy 

energy barriers of the NPs, which improves  the thermal stability of their magnetization, shifting to 

higher temperature or preventing their entrance in the superparamagnetic  regime.21, 50, 51,52  Hence, 

one can consider that the NPs of the assembly are subjected to an effective magnetic anisotropy higher 

than their intrinsic anisotropy, namely the anisotropy that operates when they are isolated and that 

may include both the magnetocrystalline and the shape contributions. 27  

Information on the nature of magnetic interactions between the NPs in the investigated samples is  

obtained through the analysis of the M plots.53, 54, 55 For this purpose, measurements of isothermal 

remanent magnetization (IRM) and dc demagnetization remanence (DCD) are carried out, at T = 5 

K, on the NPs dried and in form of ferrofluid, following a standard procedure in which the field is 

varied from 0 Oe up to 35 kOe. 27, 55 In Fig. 5, the parameter M(H) = DCD(H)-[1- 2IRM(H)] is 

plotted as a function of H, both for the powders and for the ferrofluids. In all the cases, negative M 

values are measured, which confirms the predominant presence of demagnetizing dipolar 

interactions.22 The absolute peak value of M can be used to assess the strength of the magnetic 

interactions. Hence, for each type of NPs, the dipolar interactions are much stronger in the powder 

than in the ferrofluid, which is perfectly reasonable.   

 

To estimate the effective magnetic anisotropy to assign to the NPs, which rules their overall magnetic 

behavior, we consider the magnetic field value at which the hysteresis loop, measured at T = 5 K, 

closes (irreversibility field, Hirr), namely at which the descending and ascending branches join 

together.56 Hirr can be considered as a measure of the anisotropy field of the system, i.e. Hirr = 

2Keff/MS, where Keff represents the effective anisotropy coefficient of the assembly of interacting 

NPs. In this relation, MS must be expressed in (emu/cm3). This requires that the values of MS in Table 

1 are multiplied by the density of the NPs. We consider the same density for the four samples and we 

assume that of bulk magnetite 5.1 g/cm3. 57 Hirr and Keff for the dried NPs and for the ferrofluids are 

reported in Table 2. The values of Keff obtained in this way may be underestimated, actually. In fact, 
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due to the random orientation of the NPs anisotropy axes with respect to the field direction, Hirr is 

probably smaller than the anisotropy field of an amount difficult to indicate precisely.58 Nevertheless, 

in all the samples Keff is larger than the magnetocrystalline anisotropy coefficient of bulk magnetite, 

which is 1.1  105 erg/cm3, 17 in spite of the Mn doping, which may possibly reduce the anisotropy, 

compared to pure magnetite.28 For a given type of NPs, the value of Keff in the powder is larger than 

that in the ferrofluid. This is in line with our expectation, also considering the results of the M plots 

analysis (Fig. 5). Moreover, both in the powders and in the ferrofluids, Keff increases with t300 since 

the mean size Dave of the NPs and MS increase.    

 

The magnetothermal behavior of the NPs is investigated by measuring the magnetization for 

increasing temperature (heating rate = 3 K/min) in a static magnetic field Happl = 20 Oe after cooling 

the samples from high temperature down to T = 5 K with no applied field (zero-field-cooling, ZFC) 

and in Happl (field-cooling, FC). For the powders, the measurements are carried out in the 5-300 K 

temperature range; for the ferrofluids, the upper limit of the spanned temperature interval is 150 K, 

well below the melting temperature of octane, so that the NPs are not free to move. The obtained 

curves are shown in Fig. 6, as normalized to the value of MFC  at T = 5 K.   

A magnetic irreversibility effect, i.e. a difference between the values of MFC and MZFC,  is visible in 

all the samples, confirming the presence of NPs whose magnetic moments undergo magnetic 

relaxation. Usually, the temperature at which MZFC shows a peak is taken as an average blocking 

temperature of the relaxing NPs. This parameter is higher in the powder than in the ferrofluid, which 

once again confirms that the magnetic relaxing behavior of the NPs is strongly affected by the dipolar 

interactions. The observation of magnetic irreversibility does not exclude the presence of NPs whose 

moments do not relax in the adopted experimental conditions and are in the blocked ferromagnetic 

state. This seems the case of the SD powder (Fig. 6d) where non-null HC and Mr are measured even 

at T = 300 K (Fig. 4).  

 

In the ferrofluids, HC and Mr annihilate at T ~ 50 K. This is in favor of a superparamagnetic behavior 

of the NPs at higher temperature, but it is not conclusive.27 Hence, to better ascertain the magnetic 

state of the NPs, we calculate a threshold size value DSP_1 above which the NPs of the ferrofluids are 

not superparamagnetic at T = 300 K. For this purpose, for each sample, we use the relation (2) to 

derive DSP_1= V1/3, setting TB = 300 K and K equal to Keff (Table 2).59 As already recalled, for SQUID 

measurements one considers tm= 100 s, corresponding to a measurement frequency fm = 0.01 Hz. The 

calculated DSP_1 values are reported in Table 2. Based on the size distributions obtained by TEM for 

the four samples (Fig. 2), we calculate that the fraction of NPs that are in the superparamagnetic 
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regime at T = 300 K is ~100% in SA and SB and SC and ~ 99% in SD. In short, practically all the 

NPs in the ferrofluids are superparamagnetic at T = 300 K, in the SQUID experimental conditions.   

 

3.5  Magnetic heating properties 

The heat released by magnetic NPs subjected to an alternating magnetic field, during one cycle, is 

equal to the area A of the resulting hysteresis loop. The SAR parameter, usually used to express the 

NPs heating efficiency, corresponds to the product between A and the frequency of the applied 

magnetic field. 16  

The magnetic heating properties of the Mn-doped magnetite NPs are tested by exposing, at room 

temperature (~ 300 K), 1 mL of ferrofluid to an alternating magnetic field for 900 seconds. The field 

amplitude is Hmax = 228 Oe (i.e. 18 kA/m) and the frequency fm = 245 kHz, corresponding to a 

measuring time tm= 1/fm = 4 × 10-6 s.  These parameters respect the criterion to avoid detrimental 

effects on living organs, which recommends that (Hmax × fm) does not exceed 5 × 109 A/m s. 60  

 

In Fig. 7a, for the four samples, typical curves of temperature increase T(t) as a function of time t 

are plotted, being  T(t) = T(t) – T(t=0 s).  The curves are well fitted by the Box-Lucas exponential 

function 
 

∆𝑇(𝑡) = ∆𝑇 1 − 𝑒        (3) 

 

in agreement with a model which assumes that the sample is in isoperibol conditions and that the 

losses between the sample and its environment are linear. In Equation (3), the fitting parameters are 

Tmax = T(t=900 s) – T(t=0 s) and i.e. the time needed to achieve a value of T = 0.63Tmax, usually 

indicated as the time constant of the heating process. The obtained values of Tmax and  are indicated 

in Fig. 7a.  Tmax increases from one sample to another, starting with SA and ending with SD, where 

it achieves the very remarkable value of ~ 76 °C.  

 

The NPs that, in the adopted measurement conditions, are in the full superparamagnetic state are 

useless for generating heat because of their null hysteresis. Therefore, for each of the investigated 

samples, we calculate a new threshold size value DSP_2 above which the NPs of the ferrofluids are not 

superparamagnetic at T = 300 K. The calculation is similar to that done for DSP_1, except for the value 

of the measuring time tm. Hence, in relation (2), ln(tmf0) ~ 8. Then, on the basis of the size distribution 

of each sample (Fig. 2), we estimate the fraction of NPs with size larger than DSP_2, that is to say that 

they are in the blocked regime at T = 300 K. The obtained values and those of  DSP_2 are reported in 

Table 2.  
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We estimate the parameter  = MSVHmax/kBT, discriminating the regime of linear and non-linear 

response in a magnetic loop measurement. 16  In detail, for each sample, the minimum value of , at 

T = 300 K, is calculated using the value of MS in Table 1 and setting V = (DSP_2)3.  In the four cases,  

Table 2namely we are not operating in the linear regime.  

 

When the NPs are dispersed in a fluid, another magnetization mechanism may be active besides the 

internal rotation of the moments. This is the Brownian motion, namely the physical rotation of the 

NPs so that their moments align with the field. It is ruled by the relaxation time   
 

B = 3VH/kBT       (4)  
 

where   is the viscosity of the fluid (0.00542 P for octane) and VH is the hydrodynamic volume of 

the suspended NPs.20  Similarly to the Néel relaxation mechanism governed by onlythe NPs for 

which  > tm (fm 1) are thermally stable with regard to the Brown relaxation and generate heat, 

whereas those for which  < tm (fm< 1) do not. Hence, we put  = tm and we calculate a threshold 

value for the hydrodynamic size DB = (VH)1/3  below which the NPs of the ferrofluids are thermally 

unstable, at T = 300 K. The value of DB is the same for all the samples, ~ 22 nm.  

Since, in each sample, DB > DSP_2 (Table 2), the effective threshold parameter that determines the 

fraction of NPs that produce heat is DB. However, the mean hydrodynamic size of the investigated 

NPs, estimated by DLS, is between 14 and 17 nm, similar for all the samples within an experimental 

error of 15% (Fig. S7). Therefore, the fraction of NPs with hydrodynamic size larger than DB in each 

sample is expected to be vanishingly small or even null, which would mean that there are not NPs 

able to heat.  

The only possibility is that the NPs with size D > DSP_2  have actually, so that DSP_2 is the 

effective threshold size and the heat is produced by the fractions of NPs, reported in Table 2, whose 

moments are blocked with regard to the relaxation mechanism of both Néel and Brown. This implies 

that the hydrodynamic volume in relation (4) does not correspond to that measured by DLS. We must 

conclude that, in a heating measurement, under the action of the alternating magnetic field and of the 

dipolar interactions, the NPs tend to form chains or agglomerates, 61, 62, 63 so that the resulting 

hydrodynamic volume satisfies the requirement that in all the NPs with D > DSP_2.  

 

The whole description is supported by the result shown in Fig. 7b. The Tmax values are divided by 

the mass of the magnetic NPs in the ferrofluid (mmagn), obtained by subtracting from the whole mass 

of the sample the weight of the oleate (Table 1). The Tmax/mmagn parameter depends linearly on the 
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fraction of blocked NPs at T = 300 K, i.e. with  D > DSP_2 (Table 2).  This indicates that all the NPs 

that are in the blocked regime contribute, practically in the same way, to the magnetic hysteresis and 

hence are involved in the heating mechanism, in line with the fact that and therefore the LRT 

approach is not applicable.  

It is worth remarking that experimentally it is impossible to disentangle the contributions to the 

magnetic hysteresis given by the reversal of the magnetic moments of the NPs and by the physical 

rotations of the NPs in the fluid in which they are dispersed.16, 61 The matter could be possibly 

addressed using a theoretical approach, although the problem of calculating the hysteresis loss of a 

NP when both magnetization mechanisms are allowed appears very challenging.64, 65 

 

One can object that for the calculation of DSP_1 and DSP_2, in which we set TB = 300 K, we use the 

values of Keff at T = 5 K. Being Keff  determined by the dipolar interactions between the NPs, one 

may expect that Keff decreases on rising temperature as an increasing fraction of NPs become 

superparamagnetic. Actually, the dipolar interactions play a role in determining the equilibrium state 

of the magnetic moments of the NPs also when they are in the superparamagnetic state, providing 

that the relaxation time characterizing the moment-moment interaction is smaller than the Néel 

relaxation time  expressed by the relation (1). 66  Moreover, Keff can be expected to reduce to a 

certain extent with increasing temperature because of the MS decrease. However, we have just 

inferred that the NPs tend to form agglomerates in the fluid during the heating measurement. Hence, 

passing from T = 5 K, where the NPs are physically blocked in the frozen octane, to T = 300 K, the 

distance between the NPs may even reduce during the heating test, thus compensating, as far as the 

strength of the dipolar coupling is concerned, the mentioned detrimental effects. Indeed, it is 

practically impossible to evaluate Keff of the NPs subjected to a heating test, hence to an alternating 

field, at T = 300 K. Therefore, we have considered the only values of Keff that we can reliably estimate, 

namely those for T = 5 K. 

 

Operatively, the SAR can be calculated from the heating measurements shown in Fig. 7a through the 

initial slope method, using the relation 35 
 

    
t

T

m

C
SAR

magn 

         (5)  

 

where C is the heat capacity of the ferrofluid and T is the temperature increment during the short 

time interval t in which heat losses are supposed negligible; mmagn is the mass of the magnetic NPs 

without oleate, as already stated above.  For each sample, T/t is calculated as the slope of the linear 
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curve fitting the heating curve for t in the 0 - 50 s interval. The heat capacity C has been taken equal 

to that of octane (for octane, the specific heat is 2228 J/ kg K and the density is 703 kg/m3), supposing 

the heat capacity of the NPs negligible compared to that of the fluid.  In Fig. 7c, the obtained SAR 

values are shown as a function of the fraction of blocked NPs at T = 300 K. Again we find a linear 

relationship, according to which the SAR is null for a fraction of blocked NPs smaller than ~ 5.6 %. 

Hence, this last value may be considered as the minimum amount of NPs needed to have a not 

negligible heating efficiency, in the described experimental conditions.  

 

The fraction of blocked NPs, estimated for T = 300 K, is expected to reduce progressively during the 

heating measurement itself just because the temperature rises. The way in which this fraction 

decreases in each sample is calculated as a function of T in the 27 -127 °C range (i.e., 300 – 400 K). 

The results are shown in Fig. 7d.  In the same figure, the circular symbols correspond to the fraction 

of blocked NPs existing in each sample at the temperature reached after t = 900 s in the heating tests 

of Fig 7a. In other words, that is the amount of NPs that, after 900 s, are still able to generate enough 

heat to compensate for the losses with the environment, mechanism that determines the saturating 

trend of the heating curves in Fig. 7a.   

Differently from theoretical predictions concerning the case of heating measurements performed in 

the regime of linear magnetic response 20,  it follows that an assembly of highly monodispersed NPs 

with size close to DSP_2 is not especially suitable for magnetic heating applications since they can 

become superparamagnetic during the heating treatment, as soon as the temperature is raised above 

their TB, due to the heat generated by themselves. To avoid this event one may conclude that the best 

solution is to employ NPs with a size large enough to be surely blocked, even at high temperatures.   

However, the larger the NPs the less they can be described as macrospins, i.e. as canonical single 

magnetic domains, whose atomic spins reverse coherently. In fact, especially if the intrinsic 

anisotropy of the NPs is low, when the size is larger than 15-20 nm closure magnetization 

configurations, i.e. vortex-type, and incoherent reversal modes may become energetically favored, 

resulting in a lower coercivity and hence narrower hysteresis loops. 18, 19, 67 

Moreover, large NPs are more difficult to stabilize in a colloidal suspension and, above all, to be 

useful for biological applications, the size of the NPs must not exceed a few tens of nanometers, 

depending on the specific use, to allow the interaction with cells. 68    

In the case of the presented experimental study, we expect that the heating capacity would be further 

improved if we were able to prepare NPs with a size distribution similar to that of sample SD, but 

slightly shifted to the right, so as to increase the fraction of blocked NPs, preserving the macrospin 

description. We have tried to reach this goal by increasing t300 up to 240 minutes, but the results 
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have not been satisfactory. In fact, any reaction performed for a reflux time longer than 180 minutes 

led to NPs very similar to SD, therefore not succeeding in substantially modifying the size distribution 

and therefore the magnetic properties. This observation suggests that after t300 = 180 minutes the 

thermal decomposition of the organometallic precursors is substantially completed, leading to the 

formation of either the desired NPs or of inactive metal-based byproducts. 

 

Finally, heating measurements are performed on sample SD under different alternating fields. In 

particular, the frequency is fm = 245 kHz (as before) and Hmax = 57, 113, 170 and 228 Oe. The SAR 

values are calculated using relation (5) and the results are shown  as a function of the parameter  in 

Fig. 8. Obviously, the hysteresis loop area of a magnetic system increases with increasing the 

amplitude of the applied field. Accordingly, the SAR is expected to rise with increasing as indeed 

observed. However, an abrupt change of the SAR parameter is observed around  = 1, confirming 

that this last condition marks a change of regime in the magnetic heating mechanism.   

This result also indicates that increasing the field frequency fm is not a good solution in order to rise 

the fraction of blocked NPs. In fact, even doubling the value of fm (not feasible with our experimental 

apparatus) results in a reduction of DSP_2 less than 2%, which does not affect the calculated amount 

of blocked NPs. Performing hyperthermia treatments on living beings at such a high fm may be risky. 

To comply with the safety criterion previously indicated, it is  advisable to halve Hmax and hence s 

shown in Fig. 8, this would be definitely detrimental to the heating efficiency.   

 

 

Conclusions  

We have studied the structural, compositional and magnetic properties of a set of samples of Mn-

doped magnetite NPs and elucidated their strict connection with the mechanism underlying the 

magnetic heating effect.    

By varying the parameter t300, i.e. the duration of the reflux treatment at 300 °C during the synthetic 

procedure, we have succeeded in changing the size distribution of the NPs. Thanks to the Mn doping, 

we have prepared NPs with high MS values, compared to NPs of pure magnetite. Although the Mn/Fe 

atomic ratio is the same in all the samples (~ 0.18 on average, as estimated by ICP-MS), MS increases 

on increasing t300 (a value as high as ~ 94 emu/g is measured in the SD NPs, at T = 5 K). We have 

related this effect to the concomitant increase of the mean size Dave and to a different distribution of 

the Mn2+ ions in the B sites of the spinel structure, in line with the observed reduction of the Néel 

temperature TN.   
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The MS enhancement and the evolution of the size distribution lead to an increase in the strength of 

dipolar magnetic interactions between the NPs and we have shown that this results in an effective 

magnetic anisotropy also varying from sample to sample depending on t300. In turn, for a fixed 

frequency of the external alternating field applied in a heating measurement, the effective anisotropy 

determines the fraction of NPs that are in the superparamagnetic regime. Moreover, the value of MS 

and the size of the NPs together with the amplitude of the alternating field characterize the magnetic 

behaviour of the NPs assembly in terms of linear or non-linear response, depending on the value of 

the  parameter.  

 

Indeed, the structural and magnetic properties of the samples and the parameters of the external 

magnetic field are very closely intertwined. However, we have shown that, for a field with amplitude 

and frequency suitable for biomedical applications (228 Oe and 245 kHz respectively, at which  > 1 

in all the samples), this complex interplay results in a simple heating mechanism, apparently at least. 

In fact, the SAR depends linearly on the fraction of NPs, that we have calculated, which, at T = 300 

K, are thermally stable regarding the Néel relaxation and, as we have discussed, also regarding the 

Brown relaxation. This finding implies that, in the adopted experimental conditions, all the NPs that 

are in the blocked regime – small enough to be modeled as macrospins - contribute equally to the heat 

generation. 

In the sample SD the interplay between the intrinsic physical properties of the NPs and the 

measurement parameters is highly virtuous and remarkable heating performances are observed. In 

particular, at the above indicated field, the SAR ~ 73 W/g and a temperature increase T ~ 48 °C is 

obtained in  = 153 s, time constant of the heating process. This good heating capacity coupled to the 

small mean size, which does not exceed 10 nm, make the SD NPs especially promising as 

hyperthermia agents in biomedical applications.  

Beyond this satisfactory result, the noteworthy point is the possibility of adjusting the heating capacity 

of the produced NPs, so as to match specific needs, changing only a single synthesis parameter. By 

acting on t300, we can control MS and the NPs size distribution to a good extent, and hence, through 

the key intervention of the dipolar interactions, modulate  the heating efficiency.   
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Table 1. The data are relative to the samples labelled as indicated in Column 1. Column 2: mean size 

of the NPs Dave, estimated by TEM.  Column 3: weight fraction of the oleate as estimated by TGA 

measurements. Columns 4 and 5: saturation magnetization MS at T = 5 K and 300 K, respectively.  

 

Sample 

Mean Size Dave 

(nm) 

 5% 

Oleate wt. 

fraction 

(%) 

 1 

MS  

at T = 5 K 

(emu/g) 

 2% 

MS  

at T = 300 K 

(emu/g) 

 2% 
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SA 6.8 24 79.7 63.4 

SB 8.1 18 85.1 70.1 

SC 8.4 15 86.7 70.3 

SD 9.5 15 94.0 77.5 

SRef 8.8 19 73.1 62.9 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2. The data are relative to the samples labelled as indicated in Column 1.  Columns 2 and 3: 

irreversibility field Hirr at T = 5 K for the samples in form of powder and effective magnetic anisotropy 

Keff.  Columns 4 and 5: irreversibility field Hirr at T = 5 K for the samples in form of ferrofluid and 

effective magnetic anisotropy Keff. Columns 7 and 8: threshold size values related to the Néel 

relaxation of the NPs in form of ferrofluid, calculated for fm = 0.01 Hz and fm =  245 kHz respectively, 

for TB = 300 K. Column 9: fraction of blocked NPs at T = 300 K. Column 10: parameter  at T = 300 

K for Hmax = 228 Oe. 
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Sample 

Hirr (Oe) 

 

 2% 

 

 

Powder 

Keff  

(105erg/cm3) 

 3% 

 

 

Powder 

Hirr (Oe) 

 

 2% 

 

 

Ferrofluid 

Keff  

 (105 erg/cm3) 

 3% 

 

 

Ferrofluid 

DSP_1 (nm)  

TB = 300 K 

fm = 0.01 Hz 

 2% 

 

Ferrofluid 

DSP_2 (nm)  

TB = 300 K 

fm = 245 kHz 

 2% 

 

Ferrofluid 

Blocked NPs 

at T = 300 K 

(%) 

 

 

Ferrofluid 



 

T = 300 K 

SA 1250 2.5 1090 2.2 16.8 11.5 6.5   1.0 ~2.7 

SB 1520 3.3 1090 2.4 16.3 11.1 9.8   1.2 ~2.7 

SC 1730 3.9 1200 2.7 15.6 10.7 14.6  1.4 ~2.4 

SD 2210 5.3 1250 3.0 15.1 10.3 24   2 ~2.4 
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Figure 1. TEM images and SAED patterns (up-left insets) for the samples SA (a), SB (b) and SD (c). 

HR-TEM images for SA (d), SB (e) and SD (f). In frame (e), the arrows point at nearly amorphous 

regions of the displayed NP (see text for details). 
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Figure 2. Size distributions of the Mn-doped magnetite NPs, estimated by TEM. The results for the 

four investigated samples (SA, SB, SC and SD) are shown together with the values of the mean size 

Dave and of the standard deviation .    
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Figure 3. (a) Mass loss vs. temperature (T) measured on the reference sample of magnetite NPs 

(SRef) with (upper curve) and without (lower curve) magnetic field gradient. The measurement in 

gradient allows the Néel temperature TN to be estimated. (b) Mass loss vs. T measured in the samples 

of Mn-doped magnetite NPs with magnetic field gradient. The dotted line is a guide to the eye that 

intercepts the different curves at TN (the values of TN for samples SA and SD are reported).    
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Figure 4. (a) Magnetic hysteresis loops measured on the Mn-doped magnetite NPs in form of powder, 

at T = 5 K.  (b) Saturation magnetization (MS) vs. T for the Mn-doped magnetite NPs and for 

magnetite NPs taken as reference sample (SRef). (c) MS, measured at T = 5 K on the Mn-doped 

magnetite NPs, vs. the Néel temperature TN estimated by TGA (the dotted line is a guide to the eye). 

(d) Coercivity (HC) vs. T for the samples of Mn-doped magnetite NPs (the error bars are smaller than 

the symbol size). 
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Figure 5.  M-plots measured at T = 5 K on the Mn-doped magnetite NPs in form of ferrofluid (open 

symbols) and of powder (full symbols). 
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Figure 6. Magnetization measured on the Mn-doped magnetite NPs in form of powder (full symbols) 

and of ferrofluid (open symbols) for increasing temperature at Happl = 20 Oe, after zero-field-cooling 

(MZFC, lower branch of each displayed curve) and after field-cooling (MFC, upper branch). The curves 

are normalized to the value of MFC at T = 5 K. 
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Figure 7. (a) Heating curves for the Mn-doped magnetite NPs in form of ferrofluids, subjected to an 

alternating magnetic field of amplitude Hmax = 228 Oe and frequency fm = 245 kHz.  The curves of 

temperature increase T vs. time are shown (black symbols). The continuous red lines are the fitting 

curves by the Box-Lucas exponential function; the calculated values of Tmax and of the time constant 

of the heating process  are reported (see text for details).  (b) Values of Tmax, normalized to the 

mass of the NPs in the ferrofluids (mmagn), shown as a function of the fraction of blocked NPs in each 

sample; the continuous line is the linear fit of the data. (c) SAR values, calculated from the heating 

curves in frame (a), vs. the fraction of blocked NPs in each sample; the continuous line is the linear 

fit of the data. (d) Thermal dependence of the fraction of blocked NPs in each sample, calculated for 

the 27 – 127 °C temperature range (i.e., 300 – 400 K). The full circular symbols correspond to the 

fraction of blocked NPs existing at the temperature reached after 900 s in the heating measurements 

shown in frame (a) (the dotted line is a guide to the eye).  
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Figure 8. SAR measured on the ferrofluid SD at different amplitudes of the alternating magnetic field 

(frequency fm = 245 kHz), corresponding to different values of the parameter  (the dotted lines are 

guides to the eye). See text for explanation. 
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X-ray Diffraction (XRD) 
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Figure S1.  XRD spectrum of sample SD, collected using a PANalytical θ/θ diffractometer (CuKα 
radiation; 40 kV and 40 mA). Broad peaks are visible corresponding to the spinel structure of 
magnetite ( 

 
 
 

Energy dispersive X-ray spectrometry (EDS) 

Energy dispersive X-ray spectrometry  (EDS) measurements are performed on the SA, SB, SC and 
SD samples in a Philips XL20 scanning electron microscope (SEM) equipped with a microanalysis 
system EDAX Phoenix (detector ECON IV). The analysis is performed on the same samples 
investigated by TEM, namely the TEM grids containing the NPs are mechanically attached to a home-
made stub suitable to be introduced in a SEM. 
A typical EDS spectrum  (in particular, for sample SD), is shown in Fig. S2. The Mn and Fe signals 
are clearly visible and the areas under the peaks allow the software (ZAF correction) to calculate the 
ratio of their atomic concentration in the sample.  
The atomic ratio Mn/Fe is equal to (0.22 ± 0.06) in SD and is similar in all the samples within the 
errors, in good agreement with the ICP-MS results reported in the main text. The Cu signal comes 
from the TEM grid used to collect the NPs (the C peak, due to the carbon film on the copper grid, is 
observed at lower energy and therefore it does not appear in the figure).   
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Figure S2. EDS spectrum of sample SD 
 
 
 

Fourier transform infrared spectroscopy (FT-IR) 
 

The transmission IR spectra of the NPs samples in KBr pellets are recorded on a Perkin-Elmer 
Spectrum 100 FT-IR spectrophotometer in the region 250-4000 cm-1. They appear similar for all the 
samples. As an example, the spectrum of sample SA is reported in Fig. S3. The bands at 1410 cm-1, 
1543 cm-1, 2850-2920 cm-1 and 3370 cm-1 are related to the oleate; the bands at 392 and 573 cm-1 are 
due to the iron-oxide phase.  
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Figure S3. FT-IR spectrum of sample SA.  
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Thermogravimetric analysis (TGA) 
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Figure S4. Mass loss vs. T measured in the samples of Mn-doped magnetite NPs and on the reference 
magnetite NPs (SRef), allowing the weight fraction of oleate in the samples to be estimated. 
 

SQUID measurements on samples in form of ferrofluid 
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Figure S5. Left: magnetic hysteresis loops measured on sample SA in form of ferrofluid at T = 5 K 
and 50 K (normalized to the saturation magnetization MS). Right: enlarged view of the central region 
of the loops.   
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Figure S6. Left: magnetic hysteresis loops measured on sample SD in form of ferrofluid at T = 5 K 
and 50 K (normalized to the saturation magnetization MS). Right: enlarged view of the central region 
of the loops.   
 
 
Figs. S5 and S6 show the hysteresis loops measured on ferrofluids SA and SD, respectively.  In both 
cases, the coercivity HC and the remanent magnetization Mr are null at T = 50 K. The same behavior 
is observed in the ferrofluids SB and SC.  
 
 
 

Dynamic Light Scattering analysis (DLS) analysis 
 

 
 

 
Figure S7. Hydrodynamic size distribution of the SB NPs measured by DLS in n-octane. The mean 
hydrodynamic diameter is (15  2) nm. Similar results are obtained for the other samples of Mn-
doped magnetite NPs. In fact, the measured values of the mean hydrodynamic size are between 14 
and 17 nm, similar for all the samples within the experimental error of 15%. These values are 
consistent with what is expected for oleate-coated NPs with physical size of the order of 10 nm, as in 
our case, dispersed in an apolar solvent [F. Arteaga-Cardona et al., J. All. Comp., 2016, 663, 636; P. 
de la Presa et al., J. Phys. Chem. C, 2015, 119, 11022]. 
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